The nucleotide sequence around the translational initiation site is an important cis-acting element for post-transcriptional regulation. However, it has not been fully understood how the sequence context at the 5 0 -untranslated region (5 0 -UTR) affects the translational efficiency of individual mRNAs. In this study, we provide evidence that the 5 0 -UTRs of Arabidopsis genes showing a great difference in the nucleotide sequence vary greatly in translational efficiency with more than a 200-fold difference. Of the four types of nucleotides, the A residue was the most favourable nucleotide from positions À1 to À21 of the 5 0 -UTRs in Arabidopsis genes. In particular, the A residue in the 5 0 -UTR from positions À1 to À5 was required for a high-level translational efficiency. In contrast, the T residue in the 5 0 -UTR from positions À1 to À5 was the least favourable nucleotide in translational efficiency. Furthermore, the effect of the sequence context in the À1 to À21 region of the 5 0 -UTR was conserved in different plant species. Based on these observations, we propose that the sequence context immediately upstream of the AUG initiation codon plays a crucial role in determining the translational efficiency of plant genes.
INTRODUCTION
In the cell, one of the most essential life processes is the production of cellular proteins. This is largely regulated at the transcriptional level, but recent studies show that translational regulation also plays a critical role in determining protein levels. Translation is the process by which cells produce their constituent proteins from messenger RNAs (mRNAs) and thus is one of the most essential cellular processes in living organisms.
Translation is a complex process involving a large number of components including mRNAs, tRNAs, ribosomes and many ribosome-associated protein factors. All these factors contribute to the translational efficiency in various ways. In addition, transport of mRNAs from the nucleus to the cytosol (1) , and subcellular localization and stability of mRNAs also contribute to the translational efficiency (2, 3) .
Of this large number of components involved in the translation, mRNA itself has many features that are involved in controlling the translational efficiency. Most of the control elements are located in the 5 0 -and 3 0 -untranslated regions (5 0 -and 3 0 -UTRs) (4) . In the 5 0 -UTR, the m7G cap, secondary structure, length and nucleotide sequence context around the AUG start codon are known to affect the translational efficiency (5, 6) . Among these factors, the secondary structure of mRNAs is regarded as the most important element for controlling translational efficiency mostly in a negative fashion (7, 8) . Computational calculation using the RNA base-pairing simulation method has commonly been used to determine the secondary structure of mRNAs (9) . Moreover, a recent study employing deep sequencing of mRNA fragments generated by structure-specific enzymes has provided evidence that the secondary structure around the start codon reduces translational efficiency (10) . In addition, specific sequence motifs present in the 5 0 -UTR are involved in controlling translational efficiency in either positive or negative manners depending on their nature (11, 12 ). An example is the internal ribosomal entry sites (IRESs) found in many viral mRNAs (13) . These motifs direct the cap-independent translation. Another is the upstream open reading frames (uORFs) in the 5 0 -UTR that can modulate the translational efficiency (14, 15) . In addition, the 3 0 -UTR also contains many sequence motifs that affect the translational efficiency (16) . Of these motifs, the poly(A) tail and its binding proteins have been most extensively characterized at the molecular level (4, 17) .
In addition to the specific sequence motifs in the 5 0 -or 3 0 -UTRs, the length and sequence context of the 5 0 -UTR of an mRNA also affect translational efficiency. The effect of the sequence context of the 5 0 -UTR on translational efficiency has been extensively studied in a variety of organisms including plants by mainly focusing on the sequence context around the translation initiation site (18) (19) (20) (21) (22) . In many vertebrate genes, a sequence, CC(A/ G)CCAUGG, known as the Kozak sequence, is preferentially detected and this 'consensus' sequence is crucial for efficient translation initiation (18) . In plants, similar approaches have shown that A residues at positions À1 to À4 of the 5 0 -UTR are crucial for high translational efficiency (19, 23, 24) . In addition, high-throughput analysis using polysome fractionation and microarrays has identified a consensus sequence around the AUG start codon of Arabidopsis genes (20) . These results raise the possibility that the favourable sequence for high translational efficiency in plants does not conform to the Kozak sequence found in animal systems. Moreover, later studies using the whole genome sequence databases from various eukaryote species have revealed that preferred nucleotide sequences around the AUG codon are quite diverse among different species (25) .
Despite a great deal of advances in understanding the role of the 5 0 -UTR in translational efficiency in many different organisms, it is still not fully understood how the sequence context of the 5 0 -UTR affects translational efficiency at the single nucleotide level. The whole genome sequencing of a large number of organisms including Arabidopsis has revealed that the 5 0 -UTRs show a great diversity in their nucleotide sequence. However, it is not fully understood how the sequence diversity affects the translational efficiency. Previous studies have mainly focused on the effect of the nucleotide sequence immediately upstream (from nucleotide positions À1 to À4) or downstream (+4) of the AUG start codon on the translational efficiency (20, 23, 25) .
To expand our understanding of the effect of the 5 0 -UTR on translational efficiency, we obtained the 5 0 -UTR sequences from 25 Arabidopsis genes that show a great diversity in their 5 0 -UTR sequences, and compared their translational efficiency at the single nucleotide level by generating nucleotide substitution mutants. In this analysis, we decided to use the 21 nucleotide (nt) region from positions À1 to À21 of the 5 0 -UTR so as to get closer to represent the full-length sequence context of the 5 0 -UTR on the translational efficiency and at the same time to minimize the effect of the secondary structure on the translational efficiency. Here, we provide evidence that the translational efficiency of various Arabidopsis genes varies over 200-fold depending on their 5
0 -UTRs and that the immediate upstream region from the nucleotide positions À5 to À1 is most critical in determining translational efficiency although the further upstream region of the 5 0 -UTR also plays an important role depending on the sequence context. Moreover, we provide evidence that of the four different types of nucleotides, nucleotides A and T are the most favourable and unfavourable, respectively, in translation.
MATERIALS AND METHODS

Plant material and growth conditions
Arabidopsis plants (ecotype Columbia-0) were grown on B5 plates in a growth chamber at [20] [21] [22] C under a 16-h/ 8-h light/dark cycle and 70% relative humidity. Leaf tissues from 2.5 week-old plants were used for protoplast isolation.
Vector construction
To generate the reporter construct, the 5 0 -UTRs were fused to the coding region of green fluorescent protein (GFP). The RbcS1A 5 0 -UTR::GFP construct was generated by two rounds of PCR. First, 10 nt and 21 nt-long 5 0 -UTRs of the RbcS1A::GFP construct were amplified with primers P1 and P2 using GFP as template. Subsequently, serial second polymerase chain reactions (PCRs) were performed to generate longer 5 0 -UTRs of RbcS1A::GFP with primers P2 and P3 using previous PCR products as template (for the nucleotide sequence of primers, see Supplementary Table S1 ). The 21 nt-long 5 0 -UTRs of Arabidopsis genes and their triple nucleotide substitution mutants were fused to GFP by PCR. For this, the 5 0 primers (P4-P9) consisted of two regions: the 5 0 region with the 21 nt-long 5 0 -UTRs or their mutant sequences, and the 20 nt-long 3 0 region complementary to the 5 0 -end of the GFP-coding region. The 3 0 primer was designed to contain 20 nts complementary to the 3 0 -end of the GFP-coding region. The PCR products were inserted into a pUC vector at the downstream region of the cauliflower mosaic virus (CaMV) 35S promoter. To generate pCAMBIA1300-UTR::GFP, the UTR::GFP fragment was obtained by digesting with XbaI/EcoRI and ligated to the binary vector pCAMBIA1300 digested with XbaI/EcoR1. For in vitro translation in Arabidopsis cell free extracts, the UTR::GFP fragments obtained by digesting with BamH1/XhoI were ligated to pCS2+ digested with BamHI/XhoI. The yeast phosphoribosylanthranilate isomerase (TRP1) coding region was obtained by PCR with primers P10 and P11 using pAS2-1 (Clontech) as template. The coding region of neomycin phosphotransferase II (NPTII) was prepared by PCR using primers P12 and P13 and the 5 0 -UTR::NPTII fragment was ligated to a pUC vector at the downstream region of the CaMV 35S promoter. All the constructs as well as the PCR products were confirmed by nucleotide sequencing.
Transient expression and immunoblot analysis
Plasmids were introduced into protoplasts by polyethylene glycol-mediated transformation (26, 27) . Transformed protoplasts were harvested 24 h after transformation and re-suspended in denaturation buffer (2.5% sodium dodecyl sulphate (SDS), 2% b-mercaptoethanol) and 5x sample buffer (250 mM Tris-Cl, pH 6.8., 0.5 dithiothreitol (DTT), 10% SDS, 0.05% bromophenol blue, 50% glycerol). After boiling for 7 min, the lysates were centrifuged at 10000g for 5 min to remove cellular debris. The expression level of proteins was analysed by immunoblotting using anti-GFP (Clontech), anti-GUS (Molecular Probes), anti-hemagglutinin (HA) (Roche Diagnostics), anti-hygromycin phosphotransferase (HPT) (Bio-application) or anti-NPTII (Bio-application) antibodies. The GUS construct co-transformed into protoplasts together with the UTR::GFP constructs was used as a control for transformation efficiency in Arabidopsis protoplasts. The HPT level was used as a control for the transient expression of the UTR::GFP constructs in Nicotiana benthamiana. Protein blots were developed with an ECL kit (Amersham Pharmacia Biotech), and images were obtained using the LAS3000 image capture system (FUJIFILM).
qRT-PCR analysis of transcript levels
Total RNA was extracted from Arabidopsis leaf tissue using the Qiagen RNeasy Plant Mini Kit and digested with TURBO DNase (Ambion). Total RNA was reverse-transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using the SYBR Green Kit (Applied Biosystems) to detect the transcript level of GFP. Actin-2 (ACT2) was used as an internal control for qRT-PCR. Primers used for qRT-PCR were as follows: GFP_q5 and GFP_q3 for GFP, ACT2_q5 and ACT2_q3 for ACT2 (At3g18780), GUS_q5 and GUS_q3 for GUS (Supplementary Table S1 ).
Transient expression in leaves of Nicotiana benthamiana by Agrobacterium-mediated transformation Agrobacterium tumefaciens strain LBA4404 harbouring pCAMBIA1300-UTR::GFP was grown overnight at 28 C until OD 1.0 at 600 nm in 10 ml LB broth supplemented with 50 mg/ml kanamycin. After pelleting by centrifugation (4000Âg for 5 min at room temperature), Agrobacterium culture was re-suspended in 5 ml of infiltration buffer (10 mM MgCl 2 , 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.6, 100 mM acetosyringone) and mixed in a 1:1 ratio with a bacterial suspension carrying the coat protein of turnip crinkle virus (TCV-CP) viral silencing suppressor in the binary vector (28) . The final mixture of Agrobacterium culture was infiltrated into the bottom side of fully expanded leaves of 4 week-old Nicotiana benthamiana plants. After infiltration, plants were placed in a green house at [20] [21] [22] C under a 16-h/8-h light/dark cycle and 70% relative humidity. At 4 days after infiltration, leaves were harvested and ground in liquid nitrogen. Tissue powder was re-suspended in protein extracting buffer (100 mM NaCl, 10 mM ethylenediaminetetraacetic acid, 200 mM Tris, 0.1% SDS, 200 mM sucrose, 14 mM b-mercaptoethanol, 0.05% Tween 20) and boiled for 7 min for immunoblot analysis.
In vitro transcription and translation using Arabidopsis cell extract and wheat germ extracts The pCS2+ plasmid containing 5 0 -UTR::GFPs was linearized with ApaLI. Linearized DNA was used in the SP6 mMESSAGE mMACHINE Õ Kits (Ambion) to synthesize capped RNAs. Fifty femtomoles of RNA were used for in vitro translation using wheat germ extracts (Promega) and Arabidopsis cell extract (ACE) (29) .
RESULTS
The immediate 5
0 -UTRs of Arabidopsis genes show a wide range of variation in translational efficiency
To gain an insight into the effect of the sequence context of the immediate upstream region from the AUG initiation codon on translational efficiency, we initially examined the effect of the 5 0 -UTR length on translational efficiency using the 5 0 -UTR of ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit 1A (RbcS1A, At1g67090) as a model sequence. The 5 0 -UTR of a gene varies greatly in length (30, 31) . In Arabidopsis, the average length of 5 0 -UTRs was 131 bases (32) . The 5 0 -UTR of RbcS1A is 175 nucleotides. We generated serial deletion constructs with 10, 21, 46 and 94 nts from the AUG start codon. Each of these deletion constructs was placed between the CaMV 35S promoter and the AUG start codon of GFP ( Figure 1A ). These constructs were co-transformed into protoplasts together with a GUS (b-glucuronidase) construct used to normalize transformation efficiency, and the expression levels of GFP and GUS were determined by western blot analysis using anti-GFP and anti-GUS antibodies, respectively. The 10, 21 and 46 nt-long 5 0 -UTRs of RbcSA1 gave similar protein levels, indicating that the 10-46 nt region of the RbcS1A 5 0 -UTR from the À1 position shows similar translational efficiency. In contrast, the translational efficiency of fullor half-length RbcSA1 5 0 -UTR constructs was significantly lower than that of 10, 21 or 46 nt constructs ( Figure 1B) , indicating that the upstream half of RbcSA1 5 0 -UTR (À175 to À94) contains a sequence element that inhibits translation. The transcript levels of these constructs were nearly equal when examined by qRT-PCR ( Figure 1C ), confirming that the difference in the protein level reflects the translational efficiency of these constructs. Since the upstream AUG in the 5 0 -UTR often suppresses the translation (33), one possible explanation of the lower translational efficiency observed with the full-and half-length 5 0 -UTRs of RbcS1A is that the multiple upstream AUGs located in the 5 0 -UTR may negatively affect the translation of GFP.
Based on the results of RbcS1A 5 0 -UTR deletion constructs, we decided to use the 21 nt region from the position À1 of the 5 0 -UTR to examine the effect of the 5 0 -UTR sequence context on the translational efficiency.
To include diverse 5 0 -UTR sequences in the analysis, the entire Arabidopsis genes were parsed against the nucleotide sequence of the RbcS1A 5 0 -UTR from positions À1 to À21 as a reference sequence. The sequence diversity was expressed with a similarity score by comparing the nucleotide sequence of a given 5 0 -UTR to that of RbcS1A. The 5 0 -UTRs that contained less than 21 nts were excluded from the analysis. Of the Arabidopsis genes, 75% of them (17 202 out of 22 998) contained more than 21 nts in the 5 0 -UTR. We selected 25 5 0 -UTRs (Table 1) with the similarity score ranging from 10 to 57%. These 5 0 -UTRs were placed at the upstream region of the GFP coding region (Figure 2A ). Therefore, these constructs were identical to each other except the 21-nucleotide region immediately upstream from the AUG start codon. To determine the translational efficiency of individual 5 0 -UTRs, these constructs were co-transformed into protoplasts together with a reference construct, GUS, which was used to normalize the transformation efficiency, and the GFP and GUS levels were determined by western blot analysis using anti-GFP and anti-GUS antibodies, respectively ( Figure 2B ). The translational efficiency of these GFP constructs that had been normalized against the level of GUS ranged from 1 to 208% that of RbcS1A::GFP, indicating a wide range of variation in the translational efficiency among the 5 0 -UTRs ( Figure 2C ). To confirm that the difference in the translational efficiency of these constructs is not caused by the difference in the transcript levels, total RNA from the transformed protoplasts was used for qRT-PCR using specific primers for the GFP coding region. Although the 5 0 -UTRs of AT1G58420 and AT5G40850 induced dramatic differences in the GFP level, these constructs showed no significant differences in the transcript level, confirming that the difference in the GFP level stems from the difference in the translational efficiency ( Figure 2D ). These results strongly suggest that the nucleotide sequence immediately upstream of the AUG start codon greatly affects translational efficiency.
Next, we examined whether the secondary structure of the mRNA including the 5 0 -UTR and the coding region has any correlation with the translational efficiency. In previous studies, the secondary structure in the 5 0 -UTR as well as the 5 0 side of the coding region affects the translational efficiency (34) . We used the algorithm centroidfold (http://www.ncrna.org/centroidfold/) which highlights the best performance among similar methods (35, 36) . We analysed the secondary structure of the 5 0 -UTRs of GFP mRNA consisting of 165 nts of the 5 0 -UTR from the expression vector, 21 nts of the 5 0 -UTR from various Arabidopsis genes with or without the 100 nt GFP-coding region ( Figure 3 and Supplementary Figure  S1) . Inclusion of the 100 nt GFP coding region did not cause any significant additional secondary structure ( Figure 3B ). Of the 25 5 0 -UTRs, 16 of them showed a nearly identical secondary structure. In this group of the 5 0 -UTRs, the major secondary structure was the 11 bp long hairpin structure (DG = À15.90 Kcal/mol) starting from the fourth nucleotide position from the cap ( Figure 3A ). Thus, this upstream hairpin structure was generated solely by the 5 0 -UTR from the vector sequence and the 21 nt 5 0 -UTRs from the Arabidopsis genes did not show any secondary structure. In contrast, in the other nine constructs, a proportion of the 21-nucleotide 5 0 -UTR region from the Arabidopsis genes was part of the hairpin structure. However, except for AT3G12380 5 0 -UTR, eight 5 0 -UTRs (AT1G10660, AT2G36170, AT4G11320, AT4G14340, AT5G44520, AT5G45900, AT5G47110 and AT1G20160) showed a rather low probability of forming a hairpin structure or had a small hairpin structure (Supplementary Figure S1) . To test whether these additional hairpins have any inhibitory effect on the translational efficiency, we calculated the stabilizing energy resulting from the hairpin formation and found that DG ranged from À11.59 to À24.40 kcal/ mol. Thus, the 5 0 -UTRs of AT2G36170, AT4G11320, AT4G14340, AT5G44520, AT5G45900, AT5G47110 and AT1G20160 showed a slightly more stable secondary structure than the first group of the 5 0 -UTRs with one hairpin structure originating from the vector sequence. However, the difference in DG was less than 5 kcal/mol. Moreover, the DG of the AT1G10660 5 0 -UTR was À11.59 kcal/mol. Thus, this 5 0 -UTR was even less stable than the first group of sixteen 5 0 -UTRs. In the case of the AT3G12380 5 0 -UTR (DG = À24.40 kcal/mol), this was more stable than the first group of the 5 0 -UTRs (DG = À15.90 kcal/mol). However, this difference in DG among the 5 0 -UTRs may not be significant. The hairpin structure with DG = À24.4 kcal/mol can be easily disrupted by ribosomes during translation and thus may not inhibit translation (37, 38) . Moreover, these 5 0 -UTRs did not show any correlation between the secondary structure formation and translation efficiency. The translational efficiency of the AT3G12380 5 0 -UTR that had the 0 -UTR fused to GFP were co-transformed into protoplasts together with a reference construct GUS, and GFP and GUS levels were determined by western blot analysis using anti-GFP and anti-GUS antibodies, respectively. The GUS levels were used to normalize the transformation efficiency. The number indicates the length of the RbcS1A 5 0 -UTR. (C) qRT-PCR analysis of GFP transcript levels. Total RNA from the transformed protoplasts was subjected to qRT-PCR for GFP and GUS transcripts. The GFP transcript levels were normalized using the co-expressed GUS transcript levels. ACT2 was used as an internal control for qRT-PCR. Error bar, standard deviation (n = 3). strongest secondary structure was 74% that of the RbcS1A 5 0 -UTR, whereas the translational efficiency of the AT1G10660 5 0 -UTR that had the weakest secondary structure was 33% that of the RbcS1A 5 0 -UTR. These results raised the possibility that the difference in the translational efficiency results from the nucleotide sequence difference in the 5 0 -UTRs. However, we cannot completely rule out the possibility that the hairpin structure may have an inhibitory effect on the translation.
Adenine residues in positions À1 to À5 from the AUG start codon are the most critical for translational efficiency
The 5 0 -UTRs that had a higher translational efficiency showed higher sequence similarities to the RbcS1A 5 0 -UTR. The majority of the 5 0 -UTRs have a purine base in the À3 position as predicted by the Kozak rule (18) . However, as shown in the AT4G11320 5 0 -UTR, the presence of a purine base in the À3 position was not sufficient to give a high translational efficiency, raising the possibility that the plant sequence may not follow the Kozak rule. In addition, the 5 0 -UTRs that had high translational efficiency appeared to be rich in A nucleotide but devoid of C nucleotide. In particular, the AT1G35720 5 0 -UTR, one of the best 5 0 -UTR among the 25 5 0 -UTRs we analysed contained 14 As, 2 Cs, 3 Gs and 2 Ts, indicating a strong bias towards the A nucleotide (Table 1 ). In contrast, the AT4G40850 5 0 -UTR, one of the poorest 5 0 -UTRs, had a completely different nucleotide composition with 1 C, 10 Gs and 10 Ts, but devoid of the A nucleotide ( Table 1 ), indicating that the A residue is crucial for higher translational efficiency. Interestingly, the omega leader sequence contains a region of poly(CAA), thereby having a higher content of the A residue (39) . To examine the sequence context which underlies the high translational efficiency, we selected the AT1G35720 5 0 -UTR whose translational efficiency was 192% that of RbcS1A 5 0 -UTR. A previous study showed that substitution of three nucleotides in front of the AUG start codon (positions À3 to À1) affects the translation efficiency of a reporter gene (22) . To elucidate the effect of individual nucleotides in the 21 nt 5 0 -UTR on translational efficiency, we generated serial nucleotide substitution mutants of the AT1G35720 5 0 -UTR by replacing three nucleotides simultaneously with triple A, C, G or T, starting from the 5 0 -end to the 3 0 -end of the 21 nt 5 0 -UTR (Figures 4-7) . First, we examined the translational efficiency of triple A substitution mutants in protoplasts. The majority of them had a slightly higher translation efficiency compared to the wildtype 5 0 -UTR (Figure 4 ). In these mutants, when T or G nucleotides were substituted with A nucleotides the translational efficiency was increased, indicating that the A nucleotide in the 5 0 -UTR was favourable for the translational efficiency. Next, we examined the triple G substitution mutants for translational efficiency. Except for G14 that had a guanine substitution at the positions À4 to À6, all the triple G substitution mutants showed a 5-40% reduction in translational efficiency compared to the Nucleotide sequences were obtained from 5 0 -UTRs (nucleotide positions À1 to À21) of 25 different genes. The translational efficiency of these 5 0 -UTRs was determined using GFP levels (GFP) ( Figure 2B ) and their relative expression levels were presented with the function (Function) of the encoded proteins and putative full length (Length) of their 5 0 -UTRs. The sequence similarity score is the percentage of how many nucleotides out of the 21 nt-long 5 0 -UTR are identical to that of the AT1G67090 (RbcS1A) 5 0 -UTR.
wild-type AT1G35720 5 0 -UTR. These results suggest that the G residue in the 21 nt 5 0 -UTR is not a favourable nucleotide for the translation ( Figure 5 ). In the triple C substitution mutants, they were divided into two groups; one group of mutants including C1, C3, C5-C11 and C14-C16 did not show any significant change in translational efficiency and the other group of mutants containing C2, C4, C12, C13, C17-C19 had a 40-50% reduction in translational efficiency compared to the wild-type 5 0 -UTR. These results indicate that C residues in the 5 0 -UTR have a strong position-dependent effect on translational efficiency (Figure 6 ). In the case of triple T substitution mutants, they also showed a wide range of variation in translational efficiency from 32 to 158% depending on individual mutant constructs. For example, T16, T17 and T18 that had the triple T substitution at the 3 0 -end of the 5 0 -UTR showed an almost 70% decrease in the translational efficiency from the wild-type 5 0 -UTR. In contrast, mutants T7, T8 and T9 that had the triple T substitution in the middle of the 5 0 -UTR had only a minor reduction in translational efficiency. Moreover, a triple T substitution in the positions from À15 to À20
and from À5 to À10 of the 5 0 -UTR increased the translational efficiency to 158% of the wild-type 5 0 -UTR, indicating that the T nucleotide in the 5 0 -UTR affects the translation either favourably or unfavourably depending on the position in the 5 0 -UTR ( Figure 7 ). These results strongly suggest that the sequence context immediately upstream of the AUG start codon is crucial in determining translational efficiency. Among four nucleotides, the A residue is the most favourable for translation, whereas the T residue is the least favourable.
To further investigate how the sequence context influences the translational efficiency, we asked whether a 'poor' 5 0 -UTR can be converted into a 'good' 5 0 -UTR by changing its nucleotide sequence. To this end, we chose the AT4G40850 5 0 -UTR whose translational efficiency was only 10% of the RbcS1A 5 0 -UTR. Because the A residue is favourable for the translational efficiency, we generated serial triple A substitution mutants (Figure 8 ). These triple A mutants were fused to the GFP-coding region and the resulting constructs were co-transformed into protoplasts together with the reference construct GUS. The GFP and GUS levels were examined by western blot analysis using Reporter constructs were introduced into protoplasts together with a reference construct GUS and total protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. The 5 0 -UTR of Rbcs1A was used as a reference for the expression. (C) Quantification of translational efficiency. To quantify the translational efficiency, the signal intensity of immunoblots in (B) was quantified using the multi-gauge software equipped to the LAS3000 (FUJIFILM) and the GFP levels were normalized with the GUS level. (D) Quantification of transcriptional efficiency. To quantify the transcriptional efficiency, total RNA from the protoplasts transformed with two representative 5 0 -UTR constructs (asterisk in (C)) was used for qRT-PCR using specific primers for the GFP-coding region. The GUS transcript level was used as reference.
anti-GFP and anti-GUS antibodies, respectively, and the translational efficiency was determined by normalizing the GFP levels with the GUS levels. The triple A mutants of the AT4G40850 5 0 -UTR that had triple A substitutions in the region from positions À21 to À6 had only minor changes in the translational efficiency. Surprisingly however, when the nucleotide sequence GTTGA from the positions À5 to À1 was changed to AAAGA (pA17), GAA AA (pA18) or GTAAA (pA19), the GFP levels were greatly elevated to the levels which were similar to that of the 'good' 5 0 -UTR, AT1G35720 5 0 -UTR (Figure 8 ). These findings support the idea that the A nucleotides in the immediate upstream region (À5 to À1) from the AUG start codon are crucial for high translational efficiency. To further confirm this finding, we examined the secondary structure of the triple A substitution mutants using the algorithm centroidfold (35) . These mutants did not show any difference in the secondary structure from the wild-type 5 0 -UTR (Supplementary Figure S2) , indicating that the difference in the translational efficiency resulted from the sequence change in the mutant 5 0 -UTRs. Consistent with this finding, only the A nucleotide showed a slightly higher presentation in the 5 0 -UTR from positions À1 to À4 with the highest chance at the À3 position when 17202 5 0 -UTRs of Arabidopsis genes were analysed using weblogo (http:// weblogo.berkeley.edu/) (Supplementary Figure S3) (40) .
The effect of the sequence context in the immediate 5 0 -UTR on the translational efficiency is conserved in plants and is also independent of the coding region Next, to test whether the effect of the 5 0 -UTR sequence context on the translational efficiency observed in Arabidopsis protoplasts also applies to other plant species, we compared the translational efficiency of the AT1G58420 and AT4G40850 5 0 -UTRs in two different plants: Arabidopsis and tobacco. In Arabidopsis, the translational efficiency was determined in protoplasts, whereas the translational efficiency in tobacco leaf cells was determined by transient expression after Agrobacteriummediated infiltration. The translational efficiency was determined by western blot analysis using anti-GFP antibody. To normalize the transformation efficiency, Arabidopsis and tobacco extracts were also subjected to western blot analysis using anti-GUS and anti-HPT antibodies, respectively. In Arabidopsis protoplasts, the 0 -UTR were co-transformed into protoplasts together with a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. (C) Quantification of the translational efficiency. To quantify the translational efficiency, the signal intensity of immunoblots in (B) was quantified using the multi-gauge software equipped to the LAS3000 (FUJIFILM) and the GFP levels were normalized with the GUS levels. Error bar, standard deviation (n = 3). 0 -UTR from the expression vector and the 21 nt region of the 5 0 -UTR from AT1G58420 or AT5G40850 (A), or together with 100 nt GFPcoding region (B) was analysed for the possible secondary structure using centroidfold (http://www.ncrna.org/centroidfold/). Heat colour gradation from blue to red represents the base-pairing probability from 0 to 1. The base-pairing probability is the probability that a pair of bases forms a base pair via hydrogen bonds in the secondary structure. The 21 nt 5 0 -UTRs from AT1G58420 and AT5G40850 are in capital letters and also indicated by broken lines. The effect of triple C substitutions on the translational efficiency. The mutant constructs of the AT1G35720 5 0 -UTR were co-transformed into protoplasts together with a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. (C) Quantification of the translational efficiency. To quantify the translational efficiency, the signal intensity of immunoblots in (B) was quantified using the multi-gauge software equipped to the LAS3000 and the GFP levels were normalized with the GUS levels. Error bar, standard deviation (n = 3). 0 -UTR were co-transformed into protoplasts together with a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. (C) Quantification of the translational efficiency. To quantify the translational efficiency, the signal intensity of the immunoblots shown in (B) was quantified using the multigauge software equipped to the LAS3000 (FUJIFILM) and the GFP levels were normalized with the GUS levels. Error bar, standard deviation (n = 3). The effect of triple T substitutions on the translational efficiency. The mutant constructs of the AT1G35720 5 0 -UTR were co-transformed into protoplasts together with a GUS construct and protein extracts were subjected to western blot analysis using anti-GFP and anti-GUS antibodies. (C) Quantification of the translational efficiency. To quantify the translational efficiency, the signal intensity of the immunoblots in (B) was quantified using the multi-gauge software equipped to the LAS3000 and the GFP levels were normalized with the GUS levels. Error bar, standard deviation (n = 3). 0 -UTR and its triple A substitution mutant constructs were introduced into protoplasts together with a GUS construct and expression levels of GFP and GUS were examined by western blot analysis using anti-GFP and anti-GUS antibodies, respectively. (C) Quantification of the GFP expression levels. The GFP levels were normalized using the GUS levels. Error bar, standard deviation (n = 3). The GFP level of the AT1G35720 5 0 -UTR construct was used as a control to compare elevated translational efficiency of pA17-pA19.
translational efficiency of the AT1G58420 5 0 -UTR was 8-fold higher than that of the AT4G40850 5 0 -UTR ( Figure 9A ). In tobacco leaf tissues, the translational efficiency of the AT1G58420 5 0 -UTR was 12-fold higher than that of the AT4G40850 5 0 -UTR, indicating that the effect of sequence context on the translational efficiency is conserved between two different plant species ( Figure 9C) .
Next, we examined whether the effect of the sequence context on the translational efficiency is also operational in different translational systems. In the soybean cytosolic glutamine synthetase gene, the translational enhancing activity of the 5 0 -UTR is not maintained in in vitro translational systems (12) . In addition, relative translational efficiency with a single mutation in only the À3 position of 5 0 -UTRs was also not consistent in two well-known in vitro systems: reticulocyte lysates and wheat germ extracts (41) . We used ACEs (29) and wheat germ extracts for in vitro translation. Two constructs, AT1G58420 5 0 -UTR::GFP and AT4G40850 5 0 -UTR::GFP, were transcribed in vitro and their transcripts were used for translation in vitro. In ACEs and wheat germ extracts, the translational efficiency of the AT1G58420 5 0 -UTR was 7.5-and 3.5-fold higher than that of the AT4G40850 5 0 -UTR, respectively ( Figure 10A) , indicating that the effect of the sequence context in the 5 0 -UTR on translational efficiency was maintained in the in vitro systems and also in both dicot and monocot plants.
Another important issue in the effect of the 5 0 -UTR on the translational efficiency is whether the 5 0 -UTR has any dependency on the downstream coding region. To test this, we selected the AT1G58420 and AT4G40850 5 0 -UTRs as representatives of 'good' and 'poor' 5 0 -UTRs and fused them to two other coding regions, neomycin phosphotransferase II (NPTII) and yeast HA-tagged TRP1 (TRP1:HA). The resulting constructs were introduced into protoplasts and their expression levels were determined by western blot analysis using anti-NPTII and anti-HA antibodies. Again, both NPTII and TRP1:HA levels from the AT1G58420 5 0 -UTR were 10.2-and 4.7-fold higher than those from the AT4G40850 5 0 -UTR, respectively, confirming that the effect of the sequence context of the 5 0 -UTR on the translational efficiency is independent of the downstream coding region ( Figure 11A ).
DISCUSSION
In this study, we systematically examined the effect of the nucleotide sequence context of the 5 0 -UTRs from Arabidopsis genes at the single nucleotide level and provide evidence that the nucleotides in positions À1 to À21 have a pronounced effect on the translational efficiency. This conclusion is based on the analysis of 25 0 -UTRs were co-transformed into Arabidopsis protoplasts together with a GUS construct and the expression levels of GFP and GUS were determined by western blot analysis using anti-GFP and anti-GUS antibodies, respectively. (B) Quantification of translational efficiency. To quantify the translational efficiency, the signal intensity of the immunoblots in (A) was quantified using the multi-gauge software equipped to the LAS3000 and the GFP levels were normalized using the GUS levels. Error bar, standard deviation (n = 3). (C) GFP levels in tobacco leaf tissues. The GFP constructs with the 21 nt region of AT1G58420 or AT1G04850 5 0 -UTRs in a binary vector were transformed into Nicotiana benthamiana leaf tissues by Agrobacteriummediated infiltration. The expression levels of GFP and HPT were determined by western blot analysis using anti-GFP and anti-HPT antibodies, respectively. HPT was used to normalize the transformation efficiency. (D) Quantification of translational efficiency. To quantify the translational efficiency, the signal intensity of the immunoblot in (C) was quantified using the multi-gauge software equipped to the LAS3000 and the GFP levels were normalized using the HPT levels. Error bar, standard deviation (n = 3). 0 -UTR or AT1G04850 5 0 -UTR constructs were in vitro transcribed and 17 ng (50 fmol) of their transcripts were used for in vitro translation using ACE or wheat germ extracts. The expression levels of GFP were determined by western blot analysis using anti-GFP antibody. (B) Quantification of GFP levels. To quantify the translational efficiency, the signal intensity of the immunoblots in (A) was quantified using the multi-gauge software equipped to the LAS3000. Error bar, standard deviation (n = 3).
greatly diverse 5 0 -UTRs of Arabidopsis genes on their ability to produce GFP proteins in protoplasts from leaf tissues of Arabidopsis. Of these 25 5 0 -UTRs, the difference in the translational efficiency between the strongest 5 0 -UTR and the weakest 5 0 -UTR was over 200-fold. The translational efficiency dictated by the sequence context of the 5 0 -UTR should be an intrinsic property of an mRNA. Therefore, our finding that Arabidopsis genes show great differences in translational efficiency raises many interesting questions as to how the protein levels of genes are determined in plant cells, why the 5 0 -UTR of certain mRNAs has the sequence context that is highly recalcitrant in translation, and whether transcriptional levels of genes have any correlation with their translational efficiency. Currently these questions remain unanswered.
Our finding that the nucleotide sequence of the 5 0 -UTR, in particular, the immediate upstream region from the nucleotide positions À1 to À5, is critical in translational efficiency is in a good agreement with the results from many previous studies that determined the effect of the sequence context of the 5 0 -UTR from nucleotide positions À1 to À4 and also at the nucleotide position +4 on the translational efficiency (20) (21) (22) (23) 39, (41) (42) (43) . However, in this study, we examined the effect of the sequence context in a much longer region (the 21 nt region from the positions À1 to À21) of the 25 5 0 -UTRs on the translational efficiency. As observed previously, the immediate upstream region from the nucleotide positions À1 to À4 was most critical in determining the translational efficiency. In addition, our study provided evidence that the region further upstream of the nucleotide position À4 can also significantly affect the translational efficiency depending on individual genes.
The 5 0 -UTRs can exert an effect on translational efficiency through multiple modes either positively or negatively by using specific sequence motifs, secondary structure or sequence context around the translational initiation site (5, 44) . Of these modes, the effect of the sequence context around the 5 0 -UTR has been extensively studied in animal cells (43) . Indeed, the Kozak's rule describes that A/G bases at the À3 position with surrounding pyrimidine residues and G at the +4 position are crucial for higher translational efficiency in animal genes. However, in plant genes, the consensus sequence, AAAA/CAAUGGC, of the translational initiation site which was obtained by analyzing 3643 plant genes does not conform to the Kozak sequence (19) although the consensus sequence also contains the conserved A and G residues at the À3 and +4 positions, respectively. However, it has not been assessed systematically how the consensus sequence is correlated with the level of translation in plant cells. In fact, a 28 nt-long synthetic 5 0 -UTR that serendipitously showed a high level of translational efficiency does not conform to the Kozak sequence, thus raising a question as to the importance of the Kozak sequence in the translational efficiency in plant systems (45) . In fact, in plants, the A residue at positions À1 to À4 is most favourable in the translational efficiency (20, 21, 35, 36, (38) (39) (40) (41) . In this aspect, our results are consistent with these previous findings. Moreover, and further supporting with this idea, is that introduction of three As to a 'poor' 5 0 -UTR in the positions À1 to À5 greatly enhanced the translational efficiency.
Another important observation we made in this study is that the types of nucleotide and their position in the 21 nt-long 5 0 -UTR have different effects on the translational efficiency. Overall, the A residue was the most favourable nucleotide not only at positions À1 to À4 but also throughout the entire 21 nt region of the 5 0 -UTRs we examined. However, a previous study showed that the introduction of a stretch of A nucleotides in the 5 0 -UTR of the yeast alcohol oxidase gene greatly reduced the translational efficiency in a length-dependent manner (46) , suggesting that introduction of poly(A) to the 5 0 -UTR is not always favourable for translation. In contrast, the T residue was the least favourable nucleotide in the 5 0 -UTRs. In particular, introduction of three Ts to a good 5 0 -UTR in positions À1 to À5 greatly suppressed the translational efficiency. However, in certain cases, the T residue located in the more 5 0 side of the 21 nt-long 5 0 -UTR increased the translational efficiency, suggesting that the exact location of the T nucleotide is important for the translational efficiency. In the case of the C nucleotide, its effect on the translation was also position-dependent; introduction of three C residues in the positions À1 to À5 of the 5 0 -UTR greatly suppressed the translational efficiency, whereas the 3 C residues in the middle of the 21 nt region of the 5 0 -UTR did not affect or only slightly increased the translational efficiency. Introduction of G residues throughout the entire 21 nt region of the 5 0 -UTR generally suppressed the translational efficiency. These results strongly suggest that although the translational efficiency is in general most critically dependent on the immediate upstream region, for example the region from the positions À1 to À4, of the 5 0 -UTR from the AUG start codon, the translational efficiency of a 0 -UTR constructs were co-transformed into protoplasts together with a GUS construct and the expression of NPTII and TRP1:HA was determined by western blot analysis using anti-NTPII and anti-HA antibodies, respectively. In addition, GUS levels were detected with anti-GUS antibody. (B) Quantification of the translational efficiency. To quantify the translational efficiency, the signal intensity of the immunoblots in (A) was quantified using the multi-gauge software equipped to the LAS3000 and the NPTII and TRP1:HA levels were normalized using the GUS levels. Error bar, standard deviation (n = 3). particular 5 0 -UTR is determined by the sequence context of the entire nucleotide sequence of the 5 0 -UTR. Currently, however, it is not clearly understood at the molecular level how the different types of nucleotides affect differently the translational efficiency.
One of the most crucial events for the translation is the assembly of the initiation complex at the AUG start codon of an mRNA (5). Thus, one possible explanation for the differential effect of the nucleotide sequence context around the initiation site on the translation efficiency is that the assembly of the translation initiation complex is affected by the nucleotide sequence around the AUG start codon. One of most well-characterized sequence motifs in the 5 0 -UTR that affect the assembly of the initiation complex is the Shine-Dalgarno (SD) box in the 5 0 -UTR of prokaryotic mRNAs. The sequence in the SD box is involved in base-pairing with the 3 0 -end of 16S rRNA of ribosomes, thereby facilitates the formation of the initiation complex at the AUG start codon (47) . However, the mechanism of initiation complex assembly in eukaryotic cells is different from that of prokaryotic cells. Multiple initiation factors are involved in assembly of the 40S ribosomal subunit in the AUG initiation codon. Of these initiation factors, eIF1A is involved in the selection of the initiation codon (48) . Thus, the sequence context may play a role in the selection of the first AUG by eIF1A. In addition, other factors may also be involved in the 40S ribosomal subunit assembly. Interestingly, in the case of the omega leader sequence found in TMV, HSP101 is involved in the omega sequence-mediated translational enhancing (49) . HSP101 directly binds to the poly(CAA) region of the omega leader sequence and mediates recruitment of two eukaryotic translational initiation factors, eIF4G and eIF3 to promote translation initiation (39) . However, eIF4G binds the cap structure at the 5 0 -end of mRNA, thus playing a role in the initial recognition of mRNAs. Another important sequence element affecting the translational efficiency is the oligopyrimidine track in the 5 0 -end of the 5 0 -UTR which is present in many ribosomal protein genes. This oligopyrimidine track causes suppression of translation in both animal and plant cells (50) . However, the oligopyrimidine track was located close to the 5 0 cap structure in the 5 0 -UTR. Thus, the exact mechanism underlying the inhibitory effect of T or C residues in the oligopyrimidine track may not be the same as that of T or C residues in the positions À1 to À5 in this study. The sequence analysis of the 5 0 -UTRs of 15 971 Arabidopsis genes revealed that two sequence motifs, TAGGGTTT and AAAACCCT, are presented in many Arabidopsis genes, raising the possibility that these sequence elements may play a role in translational efficiency. Indeed, of the two sequence elements, the sequence motif TAGGGTTT has been shown to confer a higher translational efficiency (51) . However, it is not known how these two sequence motifs confer their translational enhancing activity. One possibility is that an unknown factor may recognize these motifs. In contrast to these sequence motifs, the mechanism of how the secondary structure in the 5 0 -UTR affects the translational efficiency is well understood. It impedes the scanning process of the 40S subunit from the 5 0 cap structure (52) . Indeed, 5 0 -UTRs were, on average, less structured than the coding region in Arabidopsis and yeast transcripts (10, 53) . However, in contrast to this notion, Li et al. (53) recently reported results showing that the overall secondary structure of transcripts facilitates translation. This conclusion was based on the fact that the more structured transcripts were significantly more ribosome-associated than the less structured transcripts. These results raise the possibility that the secondary structure in the 5 0 -UTRs and coding region regulates the translation efficiency at multiple levels.
In summary, we have demonstrated here how in plants the sequence context around the initiation codon affects the translational efficiency. In particular, the presence of multiple A nucleotides at À1 to À5 from the AUG initiation codon is crucial for high translational efficiency. However, it remains elusive how this occurs at the molecular level. To elucidate the exact mechanism in detail, it will be imperative to identify the factor(s) involved in this process and to characterize them at the molecular and biochemical levels.
